I 



EXPRESS MAIL CERTIFICATE 

•EXPRESS MAIL" LABEL No: SJLN ^31 STJCT?*^ U<5> 
Date ofPqioait: 2.-^-°V^ 

( hereby certify that this paper or fee is being deposited with the United States Postal Service "Express Mail Post 
OfTice t Addressee" service under 37 CFR 1 . 10 on the date indicated above, addressed to: Commissioner of Pan 
and Trademarks, Washington. D.C. 2023 1 . ^ ^ 



A NON-ROTATING SENSOR ASSEMBLY FOR MEASUREMENT-WHILE- 
DRILLING APPLICATIONS 




APPLICATION FOR UNITED STATES LETTER PATENT 



FOR 



Inventors: Thomas Kruspe 



Volker Knieger 



Assignee: 



Baker Hughes Incorporated 
3900 Essex Lane, Suite 1100 
Houston, Texas 77027 



414-12829-USV2 



CROSS REFERENCES TO RELATED APPLICATIONS 
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No. 60/077.144 filed on March 6, 1998 



5 FIELD OF THE INVENTION 

This invention relates to the acquisition and processing of data acquired by a 
measuremcnt-while-drilling (MWD) tool during the drilling of a wellbore. More 
particularly, the invention relates to me&ods and devices for acquiring data downhole 
1 0 using a tool that is adapted to be clamped to the borehole wall during drilling operations. 



BACKGROUND OF THE INVENTION 



Modem well drilling techniques, particularly those concerned with the drilling of 
15 oil and gas wells, involve the use of several different measurement and telemetry systems 
to provide petrophysictd data and data regarding drilling mechanics during the drilling 
process. Data is acquired by sensors located in the drillstring near the bit and either stored 
in downhole memory or transmitted to tiie surface using MWD telemetry devices. 
Prior art discloses the use of downhole devices incorporating resistivity, gravity, 
20 magnetic and nuclear magnetic resonance measurements on a rotating drillstring. 

Prior art devices are limited to measurement devices that rotate with the 
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drillstring. This is particularly problematic in nuclear magnetic resonance (NMR) 
measurements where lateral vibrations of a drill collar containing the NMR device would 
adversely affect an NMR measurement. For example, a lateral, 50 Hz vibration of l-mm 
amplitude (lOO-g acceleration) would disable a typical device with a resonance region of 
5 the order of I mm. Furthenmore, since the drillstring can make anywhere between 0. 1 to 
several rotations in the duration of a pulsed NMR measurement (on the order of 0.01 to 1 
second), an NMR device on a drillstring must be rotationally symmetric. Prior art NMR 
devices in which the static magnetic fields are produced by magnets located in the drilling 
collar suffer fiom the additional disadvantage that the resonance region extends into the 
10 borehole, as a result of which an electromagnetic signal is produced in the borehole fluid. 
The resulting electromagnetic signal of the borehole fluid must be canceled because the 
pulsed NMR device functions by detecting protons in fluids. Typically, a porous rock 
formation may contain 10% fluid by volume whereas the borehole fluid contains more 
than 50% fluid and has a high density of protons. As a result of this, the electromagnetic 
15 signal of the borehole fluid would dominate any formation signal detected by the pulsed 
NMR device and a special arrangement is necessary to cancel the borehole fluid signal. 
The present invention overcomes these inadequacies. 

SUMMARY OF THE INVENTION 

20 

The present invention is an apparatus and method of deteimining a parameter of 
interest of a formation surrounding a borehole while drilling the borehole. In one aspect 
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of the invention, the drill bit is mounted on a rotating drillstring or coiled tubing. The 
present invention includes a longitudinal member, for example, a segment of drill pipe 
included in the drillstring and rotating with the drillstring, or a shaft on a downhole 
directional drilling assembly. A sensor assembly is slidably coupled to the longitudinal 
5 member wherein the sensor assembly includes at least one sensor for obtaining 

measurements relating to the parameter of interest. When the sensor assembly is held in 
non-rotating position, for instance, for obtaining the measurements, the longitudinal 
member is free to rotate and continue drilling the borehole. The sensor assembly is 
sUdably coupled to the longitudinal member using, for example, at least one guide sleeve 
10 slidably coupled to the longitudinal member. The sensor assembly further includes, for 
example, at least one transmitter. The sensor assembly of the present invention can 
include any of a variety of sensors and/or transmitters for detennining a plurality of 
parameters of interest including, for example, nuclear magnetic resonance measurements. 

1 5 Returning drilling fluid flows outside the sensor assembly, or alternatively, a flow 

path between the sensor assembly and the longitudinal member allows for the flow of the 
drilling fluid. Jn a number of embodiments, at least one clamping device engages the 
borehole, when activated, for engaging the borehole walls and holding the sensor 
assembly in the non-rotating position. When the clamping device is deactivated, the 

20 sensor assembly disengages from the borehole and the sensor assembly moves to another 
location in the borehole wherein the clamping device is activated. The sensor or at least 
one transmitter can be located in the clamping device to make contact with the borehole 
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wall and lock the sensors in place when the sensor assembly is clamped. The clamping 
device is hydraulically. mechanically, or electrically activated. 

The sensor assembly is held against gravitational pull and provided for axial 
5 movement using a support device such as a spring device fixedly attached to the 

longitudinal member, or a hydraulic cylinder fixedly attached to the longitudinal member. 
In another embodiment, the present invention includes a belt drive device for holding the 
sensor assembly in the non-rotational position, and for providing a non-continuous 
movement of the sensor assembly relative to propagation of the longitudinal member. 

10 

In still another embodiment, the sensor assembly further includes a sensor for 
providing azimuthal measurements and determining a tool fiice orientation of the sensor 
assembly, and further including a rotational positioning control device for positioning the 
sensor assembly to a desired tool face orientation. 

15 

In still another embodunent, at least one thruster is connected to the sensor 
assembly for providing axial decoupling and dampening vibrations to the sensor 
assembly. At least one knuckle joint can also be connected to the thruster to provide 
further axial decoupling and dampening. 

20 

In another embodiment, the sensor assembly is slidably coupled to the 
longitudinal member using at least two stabilizers on the diillstring connected to the 
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sensor assembly through at least one shaft. The sensor assembly also includes a clamping 
device to hold the sensor in the non-rotating position. 



In each embodiment, magnetic and inertial sensors can be used to provide 
5 information on the orientation of the measurement sensors. A telemetry system, for 
example, sends information downhole about the depth of the drilling assembly. A 
microprocessor downhole combines the depth and azimuth information with the 
measurements made by the rotating sensors, uses redundancy in the data to improve S/N 
ratio, compresses the data and sends it uphole by a telemetry system or stored downhole 
1 0 for later retrieval. 

In another aspect of the invention, the driU bit is driven by a downhole drilling 
motor. The motor may be on a rotating drillstring or on coil tubing. In any of these 
arrangements, the parameters of interest include NMR characteristics of the formation, 
15 resistivity, density, compressional and shear wave velocity and structure, dipmeter and 
acoustic porosity. 

BRIEF DFsnffTPTf niv nn TRE Fini mffs 

Figure 1 is a schematic iUustration of a drilling system using the pr^ent 
20 invention. 

Figures 2A- 2C are side elevational views partially in cross section (see Figure 
2B) of a driUing assembly including a sensor assembly in accordance with the present 

414-12829-US v2 



invention. 



Figure 3 is a cross sectional view of a sensor assembly in accordance with 
another embodiment of the present invention. 

5 

Figure 4 is a cross sectional view of a sensor assembly in accordance with 
anothor embodiment of the present invoition. 

Figure 5 is a cross sectional view of a sensor assembly in*accoidance with 
10 another embodiment ofthe present invention. 

Figures 6A- 6C are cross sectional views of a drilling assembly including a 
sensor assembly in accordance with the present invention in a borehole illustrating the 
operation ofthe apparatus and method ofthe present invention. 

15 

Figure 7 is a cross sectional view of a sensor assembly in accordance with 
another embodiment ofthe present invention including a rotational positioning sensor. 



Figure 8 is a cross sectional view of a sensor assembly in accordance with 
20 another embodiment of the present invention including a belt drive device for providing ; 
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non continuous movement of the sensor assembly relative to the propagation of the 
dnttstring. 



Figures 9A- 9C are side elevationai views partially in cross section (see Figure 
5 9B) of a drilling assembly including a thruster connected below a sensor assembly in 
accordance with the present invention. 



Figures lOA- IOC are side elevationai views partiaUy in cross section (see Flgu 
lOB) of a drilling assembly including a thruster connected above ^ sensor assembly in 
1 0 accordance with fbe present invention. 



re 



Figures IIA-IIC are side elevationai views partiaUy in cross section (see Figure 
IIB) of a drilling assembly including a thruster connected above and a thruster connected 
below a sensor assembly in accordance with the present invention. 



15 



Figures 12A- 12C are side elevationai views partially in cross section (see Figure 
12B) of a drilling assembly including a knuckle joint and a thruster connected above a 
sensor assembly in accordance with tiie present invention. 



20 Figure 13 is a cross sectional view of a sensor assembly and stabilizers 



m 
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accordance with another embodimenl of the present invention. 



Figure 14 is a cross sectional view of a drilling assembly in accordance with the 
present invention for use with a surface rotary system for drilling boreholes wherein the 
5 drilling assembly is designed for effecting directional changes downhole. 

DETAILED DRSCRTPTTQN OF TffiT TMV^,isnrTf>N 

10 Figure 1 shows a schematic diagram of a drilling system 10 with a drillstring 20 

carrying a drilling assembly 90 (also referred to as the bottom hole assembly, or •'BHA") 
conveyed in a "wcllbore" or "borehole" 26 for drilling the wellbore. The drilling system 
10 includes a conventional derrick 11 erected on a floor 12 which si^ports a lotaiy table 
14 that is rotated by a prime mover such as an electric motor (not shown) at a desired 

15 rotational speed. The drillstring 20 includes a tubing such as a drill pipe 22 or a coiled- 
tubing extending downward fix)m the surface into the borehole 26. The drillstring 20 is 
pushed into the wellbore 26 when a drill pipe 22 is used as the tubing. For coiled-tubing 
applications, a tubing injector, such as an injector (not shown), however, is used to move 
the tubing fiom a source thereof such as a reel (not shown), to the wellbore 26. The 

20 drill bit 50 attached to the end of the drillstring breaks up the geological formations when 
it is rotated to drill th borehole 26. If a drill pipe22 is used, the drillstring 20 is coupled 
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to a drawworks 30 via a Kelly joint 21. swivel. 28 and line 29 through a pulley 23. 
During drilling operations, the drawworks 30 is operated to control the weight on bit. 
which is an important parameter that affects the rate of penetration. The operation of the 
drawworks is well known in the art and is thus not described in detail herein. 

5 

During drilling operations, a suitable drilling fluid 31 from a mud pit (source) 32 
is circulated under pressure through a channel in the drillstring 20 by a mud pump 34. 
The drilling fluid passes from the mud pump 34 into the drillstring 20 via a desurger 36. 
fluid line 28 and KeUy joint 21. The drilling fluid 31 is discharged at the borehole 

10 bottom 51 through an opening in the drill bit 50. The drilling fluid 31 circulates uphole 
through the annular space 27 between the drillstring 20 and the borehole 26 and returns to 
the mud pit 32 via a return line 35. The drilling fluid acts to lubricate the drill bit 50 and 
to cany borehole cutting or chips away from the driU bit 50. A sensor S, preferably 
placed in the line 38 provides information about the fluid flow rate. A surface torque 

1 5 sensor S, and a sensor Sj associated with the drillstring 20 respectively provide 
information about the torque and rotational ^>eed of the drillstring. Additionally, a 
sensor (not shown) associated with line 29 is used to provide the hook load of the 
drillstring 20. 



20 In one embodiment of the invention, the drill bit 50 is rotated by only rotating the 

drill pipe 22. In another embodiment of the invention, a downhole motor 55 (mud motor) 
is disposed in the drilling assembly 90 to rotate the drill bit 50 and the drill pipe 22 is 
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rotated usually to supplement the rotational power, if required, and to effect changes in 
the drilling direction. 

In the preferred embodiment of Figure 1. the mud motor 55 is coupled to the drill 
5 bit 50 via a drive shaft (not shown) disposed in a bearing assembly 57. The mud motor 
rotates the drill bit 50 when the drilling fluid 31 passes through the mud motor 55 under 
pressure. The bearing assembly 57 supports the radial and axial forces of the drill bit. A 
stabilizer 58 coupled to the bearing assembly 57 acts as a centializer for the lowennost 
portion of the mud motor assembly. 

10 

Jn one embodiment of the invention, a drilling sensor module 59 is placed 
near the drill bit 50. The drilling sensor module contains sensors, circuitry and 
processing software and algorithms relating to the dynamic drilling parameters. Such 
parameters preferably include bit bounce, stick-slip of the drilling assembly, backward 
15 rotation, torque, shocks, borehole and annulus pressure, acceleration measurements and 
other measurements of the drill bit condition. A suitable telemetry or communication sub 
72 using, for example, two-way telemetry, is also provided as iUustrated in the drilling 
assembly 100. The drilling sensor module processes the sensor information and transmits 
it to die surface control unit 40 via the telemetry system 72. 



20 



The communication sub 72, a power unit 78 and an MWD tool 79 are aU 
connected in tandem with the drillstring 20. Flex subs, for example, are used in 
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conneccing the MWD tool 79 in the drilling assembly 90. Such subs and tools form the 
bottom hole drilling assembly 90 between the drillstring 20 and the drill bit SO. The 
drilling assembly 90 makes various measurements including the pulsed nuclear magnetic 
resonance measurements while the borehole 26 is being drilled. The communication sub 
5 72 obtains the signals and measurements and transfers the signals, using two-way 
telemetry, for example, to be processed on the surface. Alternatively, the signals can be 
processed using a downhole processor in the drilling assembly 90. 

The surface control unit or processor 40 also receives signals from other 
10 downhole sensors and devices and signals fiom sensors S.-S, and other sensors used in 
the system 10 and processes such signals according to programmed instructions provided 
to the surface control unit 40. The surface control unit 40 displays desired drilling 
parameters and other information on a display/monitor 42 utilized by an operator to 
control the driUing operations. The surfece control unit 40 preferably includes a 
15 computer or a microprocessor-based processing system, memory for storing programs or 
modelsanddata.arecoiderforrecordmgdata,andotherperipherals. The control unit 40 
is preferably adapted to activate alarms 44 when certain unsafe or undesirable operating 
conditions occur. 

20 A segment 70 of driU pipe 22, illustrated in greater detail in Figures 2 - 14, 

illustrates the apparatus and method according to the present invention including a sleeve 
member, such as a sensor assembly, sUdably coupled to a longitudinal member, such as a 
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section of drill pipe, wherein, when the sleeve member is non-rotating, the longitudinal 
member is free to rotate. The sleeve member may be held in a non-rotating position 
through engagement with the borehole wall and a decoupling of the sleeve member and 
the rotating drillstring. The sleeve member including the sensor assembly illustrated in 
5 the following Figures 2 - 13 describes a nuclear magnetic resonance device according to 
the present invention. However, the apparatus and method according to the present 
invention can be adapted for any MWD device or tool typically used on a rotating 
drillstring. 

10 Referring to Figures 2A- 2C, the drilling assembly 90 at the end of the drillstring 

20 or coiled tubing is illustrated including the segment 70 of drill pipe 22 according to the 
present invention. The MWD tool 79, including an associated pulsed NMR tool 77 
having a sensor assembly 113, and the pulsed power unit 78 are connected in tandem in 
the drilling assembly 90. The MWD tool 79 may also include a sonic sensor, a density 

1 5 measuronent tool, and a porosity measurement tool. As seen in Figure 2B, the NMR 
tool 77 is lotationally symmetric about a longitudinal axis 128 of the drilling assembly 
100. 

The longitudinal member is, for example, a drill pipe section 101, which forms 
20 the core of the segment 70. Alternatively, the longitudinal member is a shaft in a 
downhole directional drilling assembly. The drill pipe section 101 is connected to the 
drillstring 20 by th upper tool joint 103 and the lower tool joint 139, and has a channel 



414.12829-USV2 



13 



or flow pass 105 for the drilling mud to flow downhole. The sensor assembly 1 13 
surrounds the drill pipe section lOl and is slidably coupled to the longitudinal member or 
the drill pipe section lOl. The sensor assembly 1 13 is coupled to the drill pipe section 
lOI by at least one of guide sleeves 109 and 111. The guide sleeves 109 and 111 include. 
5 for instance, slip rings and bearings 110 and 112. respectively. Alternatively, a single 
guide sleeve (not shown) including slip rings and bearings, is used, for example, centrally 
located between ends of the sensor assembly 113. The guide sleeves 109 and 111 allow 
the sensor assembly 113 to move freely in the axial direction and to a lesser extent 
laterally with respect to the driU pipe section 101. The sensor assembly 113 has an outer 
10 diameter that is somewhat less than the inner diameter of the bor^le 26. For iUustrative 
purposes. Figure 2B shows the space between the sensor assembly 113 and the borehole 
waU in an exaggerated manner. The NMR sensor assembly includes flow paths 107 and 
114 for retum flow of the drilling mud from the drilling assembly 90 below wherein the 
gap between &e sensor assembly 113 and the borehole wall are minimized. 

15 

The magnet assembly 115. for providing the static magnetic field, and the RF coU 
assembly 117 are disposed in the sensor assembly 113. The RF coil assembly 117 
includes, for instance, at least one transmitter for transmitting a pulsed RF field into the 
formation. In the configuration as illustrated in Figure 2B. the RF field is axial and is 
20 orthogonal to the static field of the permanent magnet assembly 115 in a region of interest 
or examination outside th borehole for NMR signal measurements. However, the 
apparatus of the present invention is not limited to the illustrated sensor assembly 1 13. 
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Any number of appropriale magnet arrangements and antenna or coil aaangements which 
provide a static magnetic field and an RF field orthogonal to the static magnetic field 
direction for creating the region of interest for NMR signal sensitivity can be used 
according to the present invention. For example, the NMR tool 77 can employ separate 
5 transmitter and receiver RF coils, located, for example, on the sensor assembly 1 13. 

Typically, the RF coil assembly 117 is pulsed and creates a high frequency 
electromagnetic RF field orthogonal to the static magnetic field generated by the magnet 
assembly 1 IS and in the region of substantially unifonn field strength creating the region 

10 or volume of interest for NMR signal sensitivity. The sensor assembly 113 detects the 
NMR signals resulting therefrom. Rock pores in the earth formations surrounding the 
wellbore are fiUed with fluid, typicaUy water or hydrocaibon. The hydrogen nuclei in the 
fluid are aligned by the region of homogeneous magnetic field, generated by the magnet 
assembly 115. The hydrogen nuclei are then flipped away from the homogeneous 

15 magnetic field by the pulsed RF field produced by RF coil assembly 117. At the 
termination of the pulsed RF field from RF coU assembly 117, the hydrogen nuclei 
revolve or precess at hig^ frequency around the homogeneous magnetic field inducing an 
NMR signal in the RF coil assembly 117 until the hydrogen nuclei relax to the original 
direction along the homogeneous magnetic field. The induced NMR signals are 

20 processed downhole or sent to the surface for processing. 

Those versed in the art would recognize that, depending upon the configuration of 
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the permanent magnet assembly 1 15, the region of examination could have one of a 
number of configurations. In one embodiment, the region of examination could be 
substantially toroidal shaped with the axis of the toroid along the longitudinal axis of the 
tool. In other configurations, the region of examination could be localized on opposite 
5 sides of the borehole or even on just one side of the borehole. It will also be clearly 
apparent to those skilled in the art that the static magnetic field area can also be obtained 
if the magnet assembly 115 includes dc-energized electromagnets, or superconducting dc 
electromagnets. All of these are intended to be within the scope of the present invention. 



10 The NMR electronics 129 is housed in the NMR sensor assembly 113. The 

purpose of the NMR electronics 129 is to control the sensor assembly 113, record, 
process and transmit the recorded data, to the telemetry module 72. This can be done by 
means of electrical or »:oustic telemetry by known devices and will not be discussed. A 
^ring 130 having a cable conduit ttiroug^ the spring 130 allows power and data 
15 transmission via the guide sleeve 111 and slip ring through the cable conduit to and fiom 
the MWD tool 79. The MWD tool 79 also transmits data to the sensor assembly 113, for 
exanq>le, through mud pulse telemetry, and provides power &om the power unit 78. 

The sensor assembly 113 is also provided with at least one clamping pad, 
20 clamping piston or ribs 121. The ribs 121 are capable of outward movement for locking 
die sensor assembly 113 to the bordiole wall during measurement by the sensor assembly 
1 13. In one embodiment, the ribs 121 are hydraulically activated. In the inactivated 
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position of Che ribs Ul.the sensor assembly 113 rests on the lower tool joint 139 and is 
held up against gravitational pull by the spring 130 that is fixedly attached to the drill 
pipe section lOI. Continued rotation of the drillstring 20 loosely carries the sensor 
assembly 1,3 along. In the activated position, the ribs 121 engage the borehole walls and 
5 prevent any further movement ofthe sensor assembly 113. Further rotation of the 
drillstring 20 does not affect the position ofthe sensor assembly 113 that remains in a 

clampedposition against the bo«hole wall. In the ciampedposition. the sensor ^^^^^^ 
1 13 is essentiaUy decoupled fiom rotational and vertical movement of the drillstring 20. 

enabling measurements, such as NMR measurments fiom the NMR sen^^^ 

10 n3.tobecaniedoutwithoutinterferencefromtoolmotionandvibration. Duetothe 

proximity of the bordiole wall to the magnet assembly ns. the region of examin^^ 
within the formation and any signal fiom the borehole fluid is small. 

In another embodiment, at least one sensor ofthe sensor assembly 113 is located 
15 in the at least one clamping pad (not shown) to provide a sensor at the borehole wall 
when the at least one clamping pad is activated and engaged with the borehole waU. In 
still another embodiment, at least one transmitter (not shown) is located in the at least one 
clampmg pad to provide a transmitter at the borehole wall when the at least one clamping 
pad is activated and engaged with the borehole waU. 

20 

In typical operation, the NMR measurement takes between 0.01 to 1 second, 
during which time the drill pipe section 101 advances some distance. Once the NMR 
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measurement has been completed, the ribs 121 are retracted, as a result of which the 
sensor assembly 1 13 is no longer coupled to the borehole wall. The sensor assembly 1 13 
then drops down until any further downward motion is stopped by the spring 130. In 
another embodiment, the ribs 121 are actuated electrically, e.g.. by a stepper motor. 
5 Other methods, such as those using springs, would be known to those versed in the art. 

In the embodiment, shown in Figure 3. the sensor assembly 113 is held up and 
activated using a hydraulic cylinder 134 instead of the spring illustrated in Figures 2A. 



10 



2C. 



In an alternative embodiment, shown in Figure 4, the sensor assembly 113 
surrounds the drill pipe section 101 and is sUdably coupled to the longitudinal member o 
the drill pipe section 101 using sUp rings and bearings 110 and 112 without the use of 
separate guide sleeves. When the ribs 121 are in the activated position, the ribs 121 

15 engage the borehole walls and prevent any further movement of the sensor assembly 113 
Further rotation of the drillstring 20 does not affect the position of the sensor assembly 
113 that remains in a clamped position against the borehole wail. In the clamped 
position, the sensor assembly 113 is essentially decoupled from rotational and vertical 
movement of the drillstring 20. enabling measurements, such as NMR measurements 

20 from the NMR sensor assembly 113, to be carried out without interference from tool 
motion and vibration. 
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The drill pipe section 101 includes the channel or flow pass 105 for the drilling 
mud to flow downhole, however, in the embodiment illustrated in Figure 4. the return 
flow of the drilling mud from the drilling assembly 90 below returns and is guided 
outside the sensor assembly 113. The embodiment illustrated in Figure 4 is adaptable for 
5 MWD devices, such as the illustrated NMR tool 77, wherein a larger gap between the 
sensor assembly 1 13 and the borehole wall is tolerable for formation measurements. 

Figure 5 illustrates still another embodiment of the apparatus and method of the 
present invention wherein the NMR electronics 129 and a power supply 131 are housed 

10 in a lower part of the sensor assembly 113. The purpose of the NMR electronics 129 is to 
control the sensor system, record, process and transmit the recorded data, to the telemetiy 
module 72. The RF coil assembly 117 is connected to flie NMR electronics 129 by 
means ofthe conduit 123 through flow path 114. A pressure barrel 133 in combination 
with the O- rings 135 seals the NMR electronics 129 and the power supply 131 fiom the 

1 5 mud. The sensor assembly 1 13 in Figure 5 is illustrated with clamping pistons 121 
instead ofthe libs illustrated in Figures 2-4, wherein the clamping pistons 121 are 
capable of outward movement to the position 121*. The clamping pistons 121 can be 
activated hydraulically or electrically, for example, under control ofthe NMR electronics 
129. In the inactivated position ofthe pistons 121, the saisor assembly 113 rests on the 

20 springs 137 that are fixedly attached to the lower end ofthe drill pipe section 101. 

Continued rotation of the drillstring loosely canies the sensor assembly 113 along 
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with it. Cn the activated position 121'. the pistons engage the borehole walls and prevent 
any further movement of the NMR assembly 1 13. Further rotation of the drillstring does 
not affect the position of the NMR assembly 1 13 that remains in a clamped position. In 
the clamped position, the NMR assembly 113 is essentially decoupled from rotational and 
5 vertical movement of the drillstring. enabling NMR measurements to be carried out 
without interference from tool motion. Once the NMR measurement has been completed, 
the pistons 121 are retracted, as a result of which the sensor assembly 113 is no longer 
coupled to the borehole wall. The NMR assembly 113 then drops down until any further 
downward motion is stopped by the springs 137. 

10 

Figures 6A-6C iUustrate the operation of the sensor assembly 113 sUdably 
coupled to the driU pipe section 101 during a drilling process with continuous 
propagation of the drillstring 20. In Figure 6A, the NMR tool 77 is positioned at a first 
location in the borehole 26. The ribs 121 are in the inactivated position and the sensor 
15 assembly 113 rests on the lower guide sleeve 109 and is held up by spring 130 that is 
fixedly attached to the driU pipe section 101. Continued rotation of the drillstring 20 
loosely carries the sensor assembly 113 along. 

In Figure 6B, the sensor assembly 113 is clamped against the borehole wall in the 
20 first location in the borehole 26. In the activated position, the ribs 121 engage the 
borehole walls and prevent any further movement of the sensor asswnbly 113 such that 
the sensor assembly 113 is non-rotating and stationary. The drilling assembly 90 
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continues drilling operations and rotation of the drill bit. Further rotation of the 
drillstring 20 does not affect the position of the sensor assembly 1 13 that remains in a 
clamped position against the borehole wall. In the clamped position, the sensor assembly 
113 is essentially decoupled from rotational and vertical movement of the drillstring 20. 
5 enabling measurements, such as NMR measurements from the NMR sensor assembly 
113, to be carried out without interference firom tool motion and vibration. Due to the 
proximity of the borehole wall to the magnet assembly 115. the region of examination is 
within the formation and any signal bom the borehole fluid is small. 



10 The NMR measurement typically takes between 0.01 second to 1 second, during 

which time the drill pipe section 101 advances some distance. Once the NMR 
measurement has been completed, the ribs 121 are retracted, as shown in Figure 6C, as a 
result of which die sensor assembly 113 is no longer clamped to the borehole wall. The 
sensor assembly 113 then drops down until any further downward motion is stopped by 

1 5 the spring 130. The NMR tool 77 is then positioned at a second location in the borehole 
26 and the operation is repeated. 

The embodiment illustrated in Figure 7 further includes a rotational positioning 
sensor 300 for providing azimuthal measurements and determining tool face 304 
20 orientation and a rotational positioning control 302 device for positioning the sensor 
assembly 113 to the desired tool face 304 orientation. The sensor assembly 113 is 
sUdably coupled to die longitudinal member or die drill pipe section 101 using the guide 
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sleeves 109 and I U. The guide sleeves 109 further include the rotational positioning 
control 302 device. The rotational positioning control 302 device includes, for instance, s 
microprocessor for analyzing azimuthal measurements and the desired tool face 304 
orientation. The magnet assembly 1 15 and RF coil 117 provide an azimuthally focused 
5 region of interest for NMR signal sensitivity in front of the magnet assembly 115 and RF 
coil 117 or tool face 304 of the sensor assembly 113. The non-rotating sensor assembly 
113 according to the present invention allows for azimuthal measurements and 
azimuthally focused tools, such as the NMR tool 77 iUustrated, during drilling of the 
borehole. The apparatus and method of the present invention as shown in Figure 7 are 
1 0 not limited to the NMR tool 77 shown, and can be used with any MWD device that 
requires for azimuthal measurements and azimuthally focused measurements. 



For example, the rotational positioning sensor 300 provides an arimnti^ai 
measurement and detetxnines tool fece 304 orientation at a location in the borehole. The 

15 rotational positioning control 302 device orients or positions the sensor assembly 113 to 
the desired tool &ce 304 orientation for obtaining the region of interest for NMR signal 
sensitivity in the desired direction fiom the borehole. The sensor assembly 113 is 
clamped against the borehole wall when the desired tool face 304 orientation is obtained. 
During the rotational positioning of the sensor assembly 1 13, the drilling assembly 90 

20 continues drilling operations and rotation of the driU bit The magnet assembly 1 15 and 
coil assembly 117 limited to the illustrated arrangements, for example, the magnet 
assembly can include at least three magnets wherein at least two magnets are positioned 
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having like poles facing the formalion and at least one centered magnet having a reversed 
pole positioning for creating a generally radial RF magnetic field and a region of 
investigation determined by the tool face orientation. Those versed in the art would 
recognize that, depending upon the configuration of the magnet assembly 1 IS. the region 
5 of examination could have one of a number of configurations, for example, the region of 

examination could be localized on opposite sides of the borehole or on just the one side 

of the borehole. 



The embodiment iUustrated in Figure 8 further includes a belt drive device 308 
10 for providing a non-continuous movement of the sensor assembly413 relative to the 
propagation of the drillstring 20. The belt drive device 308 moves the sensor 113 relative 
to the propagation of the drillstring 20 in a non-continuous step-movement. The belt 
drive device 308 includes a sleeve 310, a coupling 320 between rotating and non-rotating 
sections, at least one countcrwheel 312, one or more belt puUeys 314, a belt 316. and a 
15 connecting rod 318. The sleeve 310 is slidably coupled to the rotating section of the 
drillstring 20 and is puUed along with the propagation of the drillstring 20 by the 
countcrwheel 312. which is engaged with the borehole waU during drilling operations. 
The belt pulleys 314 and the belt 316 are connected to the sleeve 310 and form a belt 
drive driven by wheels engaged with the borehole wall. The belt puUeys 314 and the belt 
20 316 are connected to the rotating to non-rotating coupling 320 through the connecting rod 
318. As the drillstring 20 propagates through the borehole, the beh 316 rotates around 
the belt pulleys 314 and pull the connecting rod 318 which acts to pull the coupling 320 
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in a step movement as a first end 328 of the connecting rod 318 rotates around the belt 
pulleys 314 with the belt 316. The rotating to non-rotating coupling 320, including 
bearings 324, couples the guide sleeve 109 of the sensor assembly 113 to the belt drive 
device 308 for providing controlled non-continuous movement of the sensor assembly 
5 113 relative to the propagation of the drillstring 20. Those versed in the art would 
recognize that other arrangements, such as a chain drive, or an electrically operated 
stepper motor, could also be used to provide the stepping movement. Such alternative 
arrangements are intended to be within the scope of the present invention. 

10 The sensor assembly 113 is not clamped to the borehole wall in the embodiment 

shown m Figure 8. The belt drive device 308 is synchronized with the drillstring 20 such 
that the belt drive device 308 moves the sensor assembly 113 in a step movement wherein 
the non-rotating sensor assembly 113 remains stationary for a period of time or drilling 
distance for obtaining the NMR signal measurements. An mductive coupling 326 or 

15 data/power transformer, at guide sleeve 111 provides for the transfer of power and data 
from the rotating sections to the non-rotating sections. 

The embodunents illustrated in Figures 9A-9C through 12A-12C fixrther include 
the use of one or more thrusters diat provide for axial decoupling of the sensor assembly 
20 from the drillstring that acts as a shock absorber or damping means to the drillstring 20 
motion and vibrations. Typically, most of the vibrations during drilling operations 
originate in the drillstring motion rather than the drill bit operation. These embodiments 

414-12829-USV2 

24 



provide the advantages such as independence from rotation and partial isolation from 
vibrations. Figures 9A-9C illustrates the use of a thruster 350 below the drill pipe 
section 105 with the sensor assembly 113, Figures lOA-lOC illustrates the use of a 
thruster 352 above the drill pipe section 105 with the sensor assembly 113, Figures UA- 
5 lie illustrates the use of both the thmster 352 above and the thruster 352 below the drill 
pipe section 105 with the sensor assembly 113, and Figures 12A-12C illustrate the use of 
the thruster 352 above the drill pipe section 105 with the sensor assembly 113 and further 
including a knuckle joint 356 connected to the thruster 352. 

10 Referring to Figures 9A-9C. the drilling assembly 90 at ^e end of the driUstring 

20 is illustrated including the drill pipe section 101 that foims the core of the segment?© 
of the drill pipe 22 according to the present invention and further including a thruster 350 
positioned below the sensor assembly 113. The MWD tool 79, including the associated 
pulsed NMR tool 77 are connected in tandem in the drilling assembly 90. The thruster 

1 5 350 is positioned below the sensor assembly 1 13 and includes a thruster spline 351 for 
connecting the thruster 350 to the drillstring 20 and drill pipe section 101. The thruster 
spUne 351 includes a flow path 354 through which the drilling fluid flows. When 
positioned below the sensor assembly 113, the thruster 350 provides weight-on-bit 
(WOB) and rate-of-poietration (ROP) movement while the sensor assembly 113 is 

20 clamped to the borehole wall for measurements. The thruster 350, when positioned 
below the sensor assembly 113, also decouples the sensor assembly 113 from the 
vibrations of the drill bit SO and acts as a shock absorber to the vibrations of the drill bit 
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Referring to Figures 1 OA- IOC, the thruster 352 is shown positioned above the 
sensor assembly 1 13 and includes a thruster spline 353 for connecting the thruster 352 to 
5 the drillstring 20 and drill pipe section 101. Most of the vibrations affecting 

measurement sensors during drilling operations originate in the drillstring motion rather 
than the drill bit operation. When the thruster 352 is positioned above the sensor 
assembly 113, the thruster 352 isolates the sensor assembly 113 fiom the vibrations of the 
drilling assembly 90 and acts as a shock absorber to the vibrations of the drilhng 
10 assembly 90. 

In a preferred embodiment illustrated in Figures IIA-IIC, both the thruster 352 
positioned above the sensor assembly 113 and the thruster 352 positioned below the 
sensor assembly 113 are used to provide isolation fiom both the drill bit 50 below and the 

15 drilling assembly 90 above. Preferably, the i^per thruster 352 is stronger than the lower 
thruster 350 that provides a smoother and less risky operation of the thrusters. The lower 
thruster 350 and the upper thruster 352 are synchronized such that, when the lower 
thruster 350 is folly extended and the upper thruster 352 is contracted or coUapsed, the 
sensor assembly 113 is clamped to the borehole wall. While the sensor assembly 113 is 

20 clamped to the borehole wall, the lower thruster 350 provides WOB and the upper 

thruster 352 provides for a continuous feeding of the drillstring 20, and both thrusters 350 
and 352, respectively, act as shock absorbers to dampen the vibrations from the drill bit 



414-1 2829-USV2 



26 



i 



10 



50 below and the drilling assembly 90 motion above. When the sensor assembly 1 13 is 
open or not clamped to the borehole wall, the lower thruster 350 contracts or collapses, 
and the upper thruster 352 expands until fully extended. 

Figures 12A-12C further illustrate the knuckle joint 356 connected to the upper 
thruster 352 for providing further vibration isolation and bending decoupling between the 
drillstring 20 and MWD tools 79 and the sensor assembly 113. In an additional 
embodiment, the lower thruster (not shown) can also be used in the embodiment 
illustrated in Figures 12A-12C for optimum vibration isolation and damping. 



Figure 13 shows an alternate arrangement of an NMR assembly 213 that provides 
for even greater isolation of the NMR tool and sensor assembly 213 from vibrations. 
Shown is the driU pipe section 101 with a set of upper and lower stabilizers 205 and 207, 
respectively. The stabilizers 205 and 207 do not rotate as the drill pipe section 101 is 

1 5 rotated. Shafts 219 connected between the upper and lower stabilizers 205 and 207, 
respectively, pass througih longitudinal holes 220 in the NMR sensor assembly 213 and 
provide lateral support to the NMR sensor assembly 213 while, at the same time, 
maintaining a gap 225 between the drill pipe section 101 and the sensor assembly 213. 
The puipose of the gap 225 is to allow space for the return flow of the drilling mud. The 

20 sensor assembly 213 is provided, for example, with permanent magnets 215, an RF coil 
217 and clamping pistons 221. For the sake of clarity, the hydrauUcs and electronics 
inside the NMR assembly are not shown in Figure 13, When the pistons 221 are 
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activated, they engage the walls of the borehole 26 and lock the sensor assembly 213 in 
place for making measurements. As the drill pipe section 101 advances, the stabilizers 
205 and 207 advance along with the drill pipe section 101 while the sensor assembly 213 
remains locked in place. Upon retraction of the pistons 221, the sensor assembly 213 
5 drops down until further motion is stopped by support springs 231. In an alternate 
configuration,,the support springs can be arranged as a single spring surrounding the axis 
of the drill pipe section 101 (not shown this figure). 

The g^ between the sensor assembly 213 and the borehole wall in Figure 13 is 
10 exaggerated to show the operation of the pistons. In reaUty, witbtl small gap, the sensor 
assembly 213 is relatively close to the borehole wall. Due to the proximity of the 
borehole wall to the magnet assembly 215, the region of exammation is wifliin the 
formation and any signal from the borehole fluid is smaU. Furthermore, the vibration of 
the NMR sensor assembly 213 is minimal due to the positioning of the sensor assembly 
15 213 between the stabilizers 205 and 207 on the drill pipe section 101. 

It is common in drilling operations to provide for changes in the direction of 
drilling of the borehole. Figure 14 illustrates a schematic diagram of a rotary drilling 
assembly 255 conveyable downhole by a drill pipe (not shown) that includes a device for 
20 changing drilling direction without stopping the drilling operations for use in the drilling 
system 10 shown in Figure 1. The drilling assembly 255 has an outer housing 256 with 
an upper joint 257a for connection to the drill pipe (not shown) and a lower joint 257b for 
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accommodating the drill bit 55. During drilling operations, the housing, and thus the drill 
bit 55, rotate when the drill pipe is rotated by the rotary table at the surface. 
Alternatively, the drill bit could be driven by a mud motor. The lower end 258 of the 
housing 256 has a reduced outer dimension and a bore 259 therethrough. The reduced- 
5 dimensioned lower end 258 includes a shaft 260 connected to the lower joint 257b with 
passage 261 for allowing the drilling fluid to pass to the drill bit 55. A sliding sleeve 
sensor assembly 262 is disposed on the outside of the reduced dimensioned lower end 
258, such that when the-housing 256 is rotated to rotate the drill bit 55, the sensor 
assembly 262 is substantially non-rotating. As indicated in Figure 14, the length of the 
10 sensor assembly 262 is such as to provide a gap allowing for axial motion of the sensor 
assembly 262 relative to the housing 256. In Figure 14, a gap 282 is shown at the iq)per 
end of the sensor assembly 262. 

A plurality of independently adjustable or expandable pads 264 are disposed on 
15 the outside of the sensor assembly 262. Each pad 264 is preferably hydrauhcally 

operated by a control unit in the drilling assembly 256. Each pad 264, when extended, 
exerts a force so as to lock the sensor assembly 262 in place with the borehole wall. 
When the pads 264 are articulated to lock the sensor assembly 262 in place, 
measurements are taken relating to the parameters of interest The housing 256 and the 
20 drill bit 55 continue to advance while the sensor assembly stays locked in position due to 
the sliding sleeve arrangement. After the measurements have been taken, the pads 264 
are retracted and the sensor assembly 262 moves down through gravity, wherein the 
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motion of .he senior a«,mbly 2«2 i, bufTered by spring 291 . M«h«,sms for extending 
<h. pads ,0 n,ake co„.ac. could be operated by hydraulic, mechanical or electrical d«,ices. 
The fore, exerted by the different p«is can be independently adjustable so as to minimize 
vibration of the sensor assembly. 

5 

The drilling assembly also includes a directional sensor 271 and sensors for 
determining the temperature, pressure, fluid flow rate, weight on bit. lactational speed of 
the driU bit. radial and axial vibrations, shock and whirl. Without limiting the scope of 
the invention, the directional sensor 271 could be of the magnetic or inertial type. The 
10 ^«assembly255prefeiablyincludesanumberofnomnagneticstabil^ 
the upper joint 257a for providing lateral or radial stability to the drillstring during 
drilling operations. A flexible joint 278 is disposed between the section 280 and the 
reduced dimensioned lower end 258 section containing the sensor assembly 262. A 
control unit 284 includes a control circuit or circuits having one or more processors. A 
1 5 telemetry device, in the form of an electromagnetic device, an acoustic device, a mud- 
pulse device or any other suitable device, generally designated herein by 286 is disposed 
in the drilling ass^bly at a suitable location. A microprocessor 272 is also disposed in 
the drilling assembly at a suitable location. 

20 Another method for directional drilling of wellbores uses a downhole drilling 

assembly mounted at the end of coil tubing. The coil tubing provides a flow of mud that 
powers the drilling motor and electrical sources within the drilling assembly. The drilling 
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assembly of Figure U could also be used in conjunction with coil tubing with minor 
modifications known to those versed in the art. The sliding sleeve including the sensor 
assembly 262 is clamped to the borehole wall for limited periods of time while 
measurements are being taken. In one embodiment, sensors are mounted on the pads 264 
5 (in which case the sensors make contact with the formation) or, in another embodiment, 
the sensors are deployed on the sensor assembly 262 provided with pistons or ribs for 
clamping to the borehole wall. 



The sensor assemblies discussed above with reference to Figures 2-14 are NMR 
10 sensors. With minor modifications that would be known to those, versed in the art, other 
sensors could be used in these configurations. For example, any sensors that do not 
require actual contact between the sensor and the borehole wall can be used. These 
include electromagnetic induction sensors for determination of the resistivity and 
dielectric properties of the fonnation, density and gamma ray sensors, acoustic 
1 5 transducers that form an image of the borehole wall and acoustic transducers that 
detemiine com|>ressional and shear velocities of the fomiation in the vicinity of the 
borehole. Alternatively, for sensors or transducers that require physical contact between 
the sensor and the formation, the configurations shown, for example, in Figures 2-4, 7, 9- 
12 and 14, wherein activated ribs or pads are used for clamping to the borehole wall, the 
20 sensors are placed in the ribs or pads. These include electromagnetic induction sensors 
for determination of the resistivity and dielectric properties of the formation, density and 
gamma ray sensors, resistivity transducers (such as button electrode arrangements) that 
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form a resistivity image of the borehole wall, acoustic transducers that determine 
compressional and shear velocities of the formation in the vicinity of the borehole, and 
acoustic transducers (including 3-component motion, velocity or acceleration sensors) for 
use in conducting Vertical Seismic Profiles (VSPs) in a Measurement While Drilling 
5 environment. In an alternate embodiment, the acoustic transducers comprise acoustic 
transmitters (including 3-component transmitters) generating either pulse signals or swept 
frequency signals suitable for conducting a reverse VSP with recording devices located 
away from the borehole. With 3-component transmitters, information about the 
orientation of the transmitters is recorded and avaUable to the processor. The processing 
10 of data in a reverse VSP is usuaUy done by a uphole processor. In another embodiment 
of the sensor, a formation sampling probe is located on the ribs or the pads: these make it 
possible to obtain samples of the formation fluids during the process of drilling the 
borehole. In yet another embodiment of the invention, the sensor assembly is provided 
with sensors for measuring properties of the fluid in the formation, such as fluid pressure, 
15 fluid mobiUty and fluid permeabiUty. Methods of deploying and controlling such sensors 
downhole would be femiliar to those versed in the art and are not discussed here. 

In an alternate arrangement (not shown), two sets of axially spaced-apart pads are 
provided on the sliding sleeve. One set of pads has transmitters on it and the second set 
20 of pads has receivers. With 3-component seismic transmitters and receivers, this provides 
the ability to measure compressional and shear velocities of the formation between the 
transmitter and the receiver. In particular, because of the ability to directly couple a 
seismic source to the borehole wall, shear waves of different polarization can be 
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g«.r««i and <..,cc.«i. Those v.r«d in 0,, „ would know in an anisotropic 
fonnatton. nvo different shear waves with different polarization and velocity can be 
propagat«l (called the fast and the slow shear wave). Measurement of U,e fast and slow 
shear velocities gives infonnation about l«cn.ring of U,e fot^ation and would be 6n,iliar 
5 to those vets«l in methods of processing the data to obtain this fracturing infom«tion. 

The same airangement of having seismic transmitters and receivers at fixed 
positions makes it possible to r«»rd refleclioas from surfaces in the vicinity of .he 
borehole. ^ particular, it enables the device to obt«ndist«»es to sdsmicreflectot, in 
10 thevicinityoftheborehole. TO. infom«ion is useful in looldnjahead of .he drill bit 
and in guiding ftedriUbi. where itisdedredtofoUowaparacular geologic fbrmatlon. 

In another embodiment of the invention (not shown), a linear anangement of 
electrodes on a single or two spaced-apart pads is used. Those versed in the art would 
IS "Wg^ that by having an anangementwift four electrodes substantiaUy in a to^ 
anangemem ia a fixed |K«ition, the oute electrode, being a tr««mitter ffl^ 
lespectively, ml by measuring the potential difiiaence between the umer electrodes, a 

resistivitymeaaBememofthefomiationcanbeobtained. Such an arrangement is 
considered to be conventional in wireline logging plications but has hitherto not been 

20 to measnremem-wUle-drillingappHcaiona because ofth. difficulty in aBgninga» 
electrodes on a rotating drillstring. 
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The foregoing description has been limited to specific embodiments of this 
invention. It will be apparent, however, that variations and modifications may be made to 
the disclosed embodiments, with the attaimnent of some or all of the advantages of the 
invention. In particular, the invention may be modified to make density and acoustic 
5 measurements. Therefore, it is the object of the appended claims to cover all such 
variations and modifications as come within the true spirit and scope of the invention. 
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